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One of the major theoretical methods in understanding polymer translocation through a nanopore is the
Fokker-Planck formalism based on the assumption of quasi-equilibrium of polymer conformations. The cri-
terion for applicability of the quasi-equilibrium approximation for polymer translocation is that the average
translocation time per Kuhn segment, 〈τ〉/NK is longer than the relaxation time τ0 of the polymer. Towards
an understanding of conditions that would satisfy this criterion, we have performed coarse-grained three di-
mensional Langevin dynamics and multi-particle collision dynamics simulations. We have studied the role of
initial conformations of a polyelectrolyte chain (which were artificially generated with a flow field) on the ki-
netics of its translocation across a nanopore under the action of an externally applied transmembrane voltage
V (in the absence of the initial flow field). Stretched (out-of-equilibrium) polyelectrolyte chain conformations
are deliberately and systematically generated and used as initial conformations in translocation simulations.
Independent simulations are performed to study the relaxation behavior of these stretched chains and a com-
parison is made between the relaxation timescale and the mean translocation time (〈τ〉). For such artificially
stretched initial states, 〈τ〉/NK < τ0, demonstrating the inapplicability of the quasi-equilibrium approxima-
tion. Nevertheless, we observe a scaling of 〈τ〉 ∼ 1/V over the entire range of chain stretching studied, in
agreement with the predictions of the Fokker-Planck model. On the other hand, for realistic situations where
initial artificially imposed flow field is absent, a comparison of experimental data reported in the literature
with the theory of polyelectrolyte dynamics reveals that the Zimm relaxation time (τZimm) is shorter than
the mean translocation time for several polymers including ssDNA, dsDNA and synthetic polymers. Even
when these data are rescaled assuming a constant effective velocity of translocation, it is found that for flex-
ible (ssDNA and synthetic) polymers with NK Kuhn segments, the condition 〈τ〉/NK < τZimm is satisfied.
We predict that for flexible polymers such as ssDNA, a cross-over from quasi-equilibrium to non-equilibrium
behavior would occur at NK ∼ O(1000).
I. INTRODUCTION
Voltage driven single-file translocation of a polyelec-
trolyte across nanopores has received broad attention
due to its potential application as a high-throughput
cost-effective alternative for DNA sequencing1 and due
to the rich physics involved2. A typical experimental
setup consists of two reservoirs containing a salt solution,
separated by a membrane embedded with a nanopore.
Polyelectrolyte added to the donor reservoir translocates
across the nanopore due to an applied transmembrane
voltage V (Figure 1(a)). The capture of the polyelec-
trolyte from the bulk involves an entropic barrier2 that
can be overcome by an extended weak electric field3, as-
sisted by electro-osmotic flow4–6 and electrostatic attrac-
tion from the nanopore7. Once the translocation process
is nucleated, there is a finite probability that the chain
translocates successfully across the nanopore instead of
being rejected back to the donor reservoir. The translo-
cation process is stochastic due to coupled counter-ion
dynamics and binding kinetics with the nanopore8–10, in
addition to thermal fluctuations. Moreover, the chain can
have different conformations when captured11–15, con-
tributing towards the stochastic nature of the process.
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Translocation of polyelectrolytes is a non-equilibrium
phenomenon due to the externally applied electric field.
There have been two distinct approaches towards mod-
eling this phenomenon, based on the relative magni-
tudes of the average time for translocation and the con-
formational relaxation time for a polyelectrolyte chain.
If the polyelectrolyte chain is relaxed at the timescale
at which it translocates, a quasi-equilibrium assump-
tion can be made. Various approaches have been sug-
gested to increase the translocation time relative to the
relaxation time and thereby ensuring quasi-equilibrium,
such as changing experimental parameters like solvent
viscosity22,23, nanopore-polymer interactions10,24–27, and
salt identity28 among several others. If, on the other
hand, the chain relaxation is not fast enough, non-
equilibrium effects have to be taken into consideration.
Additionally, the chain conformations just after capture
can be far from equilibrium at the onset of translocation
because of the strong electro-osmotic flow (predicted29
to be as high as 35 cm/s for a typical charge density of
0.14 e/nm2 on the pore surface) and the extended electric
field near the pore mouth.
We now briefly summarize the experimental results
from the literature on the average translocation time for
a variety of flexible polyelectrolyte chains. On the other
hand, the relaxation time for a polyelectrolyte chain
is yet to be experimentally established. However, the
Zimm relaxation time, generalized from the original ex-
pression for Gaussian chains to polyelectrolyte chains,
is a reasonable measure of the chain relaxation time.
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FIG. 1. (a) Schematic for the translocation setup show-
ing a negatively charged polyelectrolyte chain (blue) cap-
tured and being translocated through the nanopore (in the
-ve x-direction). The red curve shows a typical voltage pro-
file V (x). The Fokker-Planck model assumes that the chain
is in quasi-equilibrium during the entire translocation. (b)
Schematic for the tension propagation model showing the
stretched part of the chain on the donor side that forms fric-
tional blobs of increasing size. (c) Comparison of Zimm re-
laxation time τZimm (blue line, calculated using a 2 nm Kuhn
length and a monomer size of 2.5 A˚) with experimentally mea-
sured mean translocation time 〈τ 〉 (black plus1, blue triangle4,
red cross16 , green diamond17, red diamond18, black circle19,
violet asterisk20 and open black triangle21) as a function of
chain length N (see text for details). A clear separation of
translocation and relaxation timescales is evident for poly-
mers of length up to N ∼ 3000. (d) Comparison of τZimm
(blue line) with rescaled translocation time from (c). The
experimental translocation time is divided by the number of
Kuhn segments NK . Inset shows similar plot for a dsDNA
translocating through a solid-state nanopore , assuming 150
base-pairs per Kuhn segment instead. Note that in Ref.21,
the translocation event data obtained in a single experiment
is divided into faster (triangles) and slower (open triangles,
not included in (c)) translocating populations.
The experimentally measured mean translocation time
〈τ〉 is shown in Figure 1(c) as a function of the num-
ber of monomers per chain N , from translocation ex-
periments in the literature1,4,16–20. An α-Hemolysin (α-
HL) nanopore is used in all these experiments (except
in Ref.21, where a SiN nanopore is used), with the poly-
electrolyte being NaPSS4,16,18, dextran sulfate sodium17,
ss-DNA1,19,20 or dsDNA21. Multiple data points for
a given N correspond to variation in other parameters
(voltage1,16–19,21, temperature20 and pH4). The applied
voltage V across the α-HL nanopore in these experi-
ments is 40-260 mV, while for the 10 nm long solid-state
nanopore21, V ≡ 200-500 mV.
The Zimm relaxation time for a Gaussian chain with
NK Kuhn segments, each of length ℓ, is given by
30.
τZimm =
ηℓ3√
3πkBT
N
3/2
K = 6
√
2
π
η
kBT
R3g0, (1)
where kBT is the Boltzmann constant times the absolute
temperature, η is the viscosity of the solution, and Rg0
is the radius of gyration of a Gaussian chain given by
Rg0 =
√
NKℓ2/6. We assume that the above equation is
valid also for a polyelectrolyte chain by replacing Rg0 by
Rg,
τZimm = 6
√
2
π
η
kBT
R3g, (2)
where Rg is the radius of gyration of a polyelectrolyte
chain. In general,
Rg = ℓf(χ, κ)N
ν
K , (3)
where f(χ, κ) is a function of the Flory-Huggins excluded
volume parameter χ, the Debye length κ−1, and other
characteristics of the charged polymer and the electrolyte
solution. The value of the size exponent ν depends on
the level of electrostatic screening in the system. For
almost all experiments on single molecule electrophoresis
through nanopores, the electrolyte concentration in the
solution is quite high (∼1 M monovalent salt). For such
conditions, ν = 3/5, and Rg is given by
2,31,32
Rg
ℓ
≃ 0.34[(1
2
− χ) + 4πα
2
pz
2
pℓB
κ2ℓ3
]1/5N
3/5
K . (4)
Here αp is the average degree of ionization of the chain,
zp is the net charge per Kuhn segment, ℓB is the Bjer-
rum length (= e2/(4πǫ0ǫkBT ), where e is the electronic
charge, ǫ0 is the permittivity of vacuum, and ǫ is the di-
electric constant of the solution). NK is proportional
to the number of monomers N in the chain and ℓ is
proportional to the monomer size b33,34. By taking
χ = 1/2, αp = 0.2, zp = 8, ℓB = 0.7 nm, κ
−1 = 0.304
nm, ℓ = 2 nm, and NK = N/8, typical of ssDNA or
NaPSS35,36 in 1M monovalent salt solution,
Rg ≃ 0.6N3/5b. (5)
3Substituting Eq. (5) into Eq. (2), we get
τZimm ≃ 1.03 ηb
3
kBT
N9/5. (6)
Using T = 300 K, η = 0.001 Pa·s, and b = 2.5 A˚ , the
Zimm relaxation time for the range of N is shown by a
solid blue line in Figures 1(c) and 1(d) .
As evident from Figure 1(c), a polyelectrolyte chain at
equilibrium relaxes at a much faster timescale (shorter
Zimm time) compared to its translocation time in the
range of chain lengths used and for typical voltages ap-
plied in these studies. Moreover, Figure 1(d) shows that
the chain relaxes at a faster timescale compared to the
translocation time per Kuhn segment. Based on these
data, a polyelectrolyte chain initially at equilibrium can
be assumed to be in quasi-equilibrium as it translocates
across the nanopore (Figure 1(a)).
A one-dimensional free energy landscape can be con-
structed for the translocation process, using the equi-
librium scaling theory for polymers37,38 to calculate en-
tropic contribution towards the free energy. All experi-
mentally relevant parameters can be taken into consider-
ation while constructing the free energy. Chemical details
of the nanopore such as electrostatics and hydrophobicity
are modeled using the effective pore-polymer interaction
strength, while the salt concentration and pH in the two
reservoirs can be accounted for in the entropic contri-
bution. A model based on the Fokker-Planck (FP) for-
malism is used to describe the translocation process38,39.
With the appropriate free energy landscape as an in-
put, the FP equation can predict the mean transloca-
tion time and the translocation time distribution (his-
togram) with an effective friction coefficient as the only
parameter. Excellent agreement with the model predic-
tion has been reported for translocation time histograms
from simulations9,40,41 and experiments42.
In the Fokker-Planck formalism for single-file translo-
cation, the entropic contribution towards the free en-
ergy landscape is derived by implying quasi-equilibrium
assumption even for translocation of every segment.
This is a stricter criterion for applicability of the quasi-
equilibrium approximation than the above condition
(τZimm < 〈τ〉). As discussed below (Section III), even
this criterion seems to be satisfied for the current ex-
perimental situations and simulations. Nevertheless, for
high transmembrane voltages and for longer polymers
the quasi-equilibrium assumption is expected to break
down and an alternative approach is necessary. The frac-
tional FP model takes into consideration the memory
effects in the transport of the polyelectrolyte chain in
terms of “folds” (sections of the chain) that translocate
by crossing entropic barriers43–45 giving rise to anoma-
lous diffusion. A similar approach is developed by con-
sidering time-dependent drift velocity and diffusion coef-
ficient originating from velocity fluctuations to arrive at
a modified FP equation46. The tension propagation (TP)
model47–50 assumes a two-state picture, whereby only a
part of the chain near the nanopore entrance is stretched
during early stages of translocation. The rest of the chain
is stationary. The stretching of part of the chain results
into formation of blobs of increasing size starting from the
nanopore entrance (Figure 1(b)). A balance between the
driving force and the friction due to formation of blobs
gives rise to the dynamic TP equation47. The bound-
ary separating the stretched and stationary parts of the
chain propagates towards the trailing end according to
this equation until it encompasses the entire chain. This
gives rise to a time dependent friction coefficient resulting
from the stretched part of the chain in the donor reser-
voir, in contrast to a constant effective monomer friction
coefficient used in the FP model.
The predictions of the FP, fractional FP, and TP mod-
els on the dependence of 〈τ〉 on N and V are quite varied
and rich. A brief summary is as follows. While the pre-
dictions of the FP model have been validated by exper-
imental results gathered so far, albeit for not very long
polyelectrolyte chains, the predictions of the fractional
FP and TP models remain untested. The FP model pre-
dicts that for a chain of length N translocating under an
applied voltage V , the mean translocation time scales as
〈τ〉 ∼ N/V . The fractional FP model predicts a scaling44
of 〈τ〉 ∼ N1.5/V . TP model predicts different scaling
regimes based on the force due to the applied voltage:
〈τ〉 ∼ N2ν/V for a weak force and 〈τ〉 ∼ N1+ν/V for
extreme driving force. For intermediate driving forces,
the scaling relation is 〈τ〉 ∼ N 1+3ν2 /V 3ν−12ν if the velocity
of the smallest blob is used as a velocity scale for TP51;
else 〈τ〉 ∼ N1+ν/V 2ν−1ν if the velocity of the largest blob
is chosen12,52 or if a constant monomer flux is assumed in
the stretched chain49. Thus, the FP model predicts a uni-
form inverse dependence of the mean translocation time
with voltage, while the TP model predicts three regimes-
an inverse scaling with voltage at the two extremes along
with an intermediate cross-over regime. Brownian dy-
namics simulations based on a time dependent friction
derived from the TP model53 show that for short poly-
mers and for narrow nanopores, a major part of the total
friction comes from the friction with the nanopore54,55,
making the contribution from the frictional blobs less rel-
evant and leading to a scaling predicted by the FP model.
These simulations use a high driving force, which cor-
responds to an equivalent experimental transmembrane
voltage ranging from54,55 0.5 V to56 5 V applied across a
5 nm long nanopore, such as the α-HL nanopore, whereas
the applied voltage in the experiments is about 150 mV.
The primary focus of the present paper is to evalu-
ate the role of non-equilibrium conformations of a poly-
electrolyte chain in its translocation kinetics by simu-
lating the average translation time and the relaxation
time for a range of V . We report the effect of chain
stretching on the kinetics of its translocation and com-
pare the mean translocation time with a characteristic re-
laxation time for out-of-equilibrium chain conformations,
obtained from coarse-grained Langevin dynamics simula-
tions performed using LAMMPS package57. We observe
that even highly stretched initial chain conformations
4translocate at timescales comparable to their relaxation
timescale. We also observe that the translocation time
becomes less sensitive to initial chain conformations as
the applied transmembrane voltage increases. Addition-
ally, we observe a scaling of 〈τ〉 ∼ 1/V for the entire range
of V studied, which is in agreement with predictions of
the FP model. We limit our study of translocation and
relaxation of initially stretched chains to the paramet-
ric dependence on V , and exclude the dependence of the
physically important but computationally expensive pa-
rameter N from our simulations. Instead, we use experi-
mental results from the literature to set an upper bound
on chain length below which the FP model is valid. Our
simulation methodology is discussed in Section II, and
the corresponding results are discussed in Section III.
II. SIMULATIONS
We adopt a two-step strategy in our coarse-grained
simulations. In the first step, we perform simulations in
presence of a fluid-flow to systematically generate a set
of stretched chain conformations. In the next step, the
same set of stretched chain conformations is subjected
to two separate simulations in absence of the fluid-flow:
translocation simulations and relaxation simulations.
For the first step, during which equilibrium poly-
electrolyte chain conformations are stretched to sys-
tematically generate non-equilibrium conformations, we
use hydrodynamics simulations performed using the
multi-particle collision (MPC) dynamics technique.
The coarse-grained polyelectrolyte chain is gradually
stretched due to the underlying MPC fluid flowing
through a cylindrical channel. For the second step,
we use Langevin dynamics simulations of a coarse-
grained polyelectrolyte to study its translocation through
a coarse-grained nanopore under the action of a constant
electric field, acting along the nanopore axis, applied in-
side the nanopore. We also perform relaxation simula-
tions in absence of the nanopore or the electric field,
where no fluid flow is present. The details of each of
these simulations, along with our coarse-grained model
for the polyelectrolyte and the nanopore, are provided
below. Unless noted otherwise, all quantities below are
presented in reduced units using a length-scale of 3 A˚
and an energy scale of kBT , with T = 300 K.
A. Coarse-grained models
Nanopore
In translocation simulations, the system is made up of
three components: an uncharged membrane, a cylindri-
cal nanopore inside the membrane, and a charged poly-
electrolyte chain. Details of each of these components
are described below and are similar to those presented
in Ref9, with difference in the choice of the length and
energy scales as specified above.
The membrane is 16 unit thick, and contains a cylin-
drical nanopore of radius 1.8. The membrane walls are
modelled using spherical beads of diameter d1 = 1 ar-
ranged into a two dimensional grid with grid-spacing of
d1. The nanopore wall is made up of smaller beads of di-
ameter d2, with the ratio d2/d1 = 0.25. These beads are
placed along the circumference of a cylinder, with each
bead approximately at a distance of d2/2 from each other.
This overlapping of nanopore wall beads is done to make
the nanopore cross-section more circular. A part of the
membrane walls surrounding both ends of the nanopore
is made up of beads identical to the nanopore wall beads.
Note that the nanopore is present only in the transloca-
tion simulations, and is absent in the relaxation simula-
tions.
Polyelectrolyte
N beads of diameter d1 are linearly connected by har-
monic bonds to form a uniform polyelectrolyte chain.
The equilibrium bond length is taken to be equal to d1.
A unit negative charge is placed on each polyelectrolyte
bead.
Pair-wise interactions
Excluded volume interactions are modelled using a
truncated Lennard-Jones potential between two beads,
given by the equation,
ULJ =
{
4ǫLJ
[(
σ
r
)12 − (σr )6]+ ǫLJ for r ≤ 1.12σ
0 for r > 1.12σ.
(7)
Here, r is the distance between two beads. ǫLJ = 1 is the
depth of the potential well. The potential is truncated
at its minimum, corresponding to a distance of 1.12σ.
These interactions exist between all the beads, with σ = 1
for interactions between polymer-polymer and polymer-
membrane beads, and σ = 0.625 for nanopore-polymer
beads. The positions of nanopore and membrane beads
are fixed in the simulation and hence, pair-wise interac-
tions are not computed for pairs of these beads.
Electrostatic interactions between a pair of beads are
modelled using the truncated Debye-Hu¨ckel potential,
with an inverse of the Debye length κ−1 = 0.81,
UDH =
Cqiqj
ǫ
exp(−κr)
r
for r ≤ rc2 (8)
with qi and qj corresponding to the charges on the two
beads, separated by a distance r. Although the effec-
tive dielectric constant of an electrolyte solution confined
within a nanopore is unknown, we have taken ǫ = 80. rc2
5is the cutoff distance at which the electrostatic interac-
tions are truncated. A value of rc2 = 3 is used in all the
simulations.
Pair-wise electrostatic interactions are computed be-
tween pairs of polymer beads, using q1 = q2 = −1e,
where e is the elementary charge. As described in Ref.57,
the energy conversion constant C = 1 in reduced units.
The bonds between polymer beads are modelled using
a harmonic potential. The equilibrium bond length be-
tween two connected polymer beads is r0 = 1. The value
of spring constant K = 15480 is large enough to prevent
unrealistic bond extensions..
Ub = K(r − r0)2 (9)
B. Langevin dynamics
In Langevin dynamics simulations, the above poten-
tials are used to compute forces on each of the polyelec-
trolyte beads. The equation of motion for each bead is
given by
m
d2r
dt2
= −ζ dr
dt
−∇(ULJ + UDH + Ub) + Fr + Fext (10)
where m is mass of the bead, ζ is the friction coefficient,
and Fr ∼
√
kBTζ/dt is the random force due to solvent
at the given temperature T , as documented extensively
in the literature57. We choose the values m = 1 and
ζ = 1 in all our simulations.
The force due to applied electric field E acting on each
bead is given by Fext = q1E. The electric field is assumed
to be constant, acts along the axis of the nanopore, and
is present only inside the nanopore.
C. Multi-particle collision dynamics
The mesoscale multi-particle collision (MPC) dynam-
ics technique is used to systematically generate stretched
polyelectrolyte chain conformations by subjecting them
to flow in a cylindrical channel. The details of this tech-
nique can be found in Refs.58–60. Briefly, the solvent is
modeled using particles with their dynamics governed by
two steps, streaming and collision, that provide hydro-
dynamics correlations between the solute molecules in
addition to flow fields. Three parameters of the model
decide the solvent properties, the particle density ρMPC,
the timestep for a streaming step hMPC, and the rotation
angle for the collision step θMPC. The simulation box is
divided into unit cubic cells, and ρMPC is the number of
solvent particles in a unit cell. We choose ρMPC = 10,
hMPC = 0.1 and θMPC = 130
◦, mimicking a fluid with a
viscosity of 8.7. During the streaming step of duration
hMPC, each solvent particle moves with a constant accel-
eration of 0.0005 in the direction of flow along the axis of
the channel and a constant velocity in the two other direc-
tions, without interacting with other particles. Bounce-
back rule is used to apply no-slip condition at the channel
surface. For a polymer length of N = 120, the channel
radius is set at 27.5, and periodic boundary condition is
used in the direction of flow. The solute particles, i.e.
the polyelectrolyte beads, undergo regular molecular dy-
namics during the streaming step, and interact with the
solvent by participating in the collision step. During the
collision step, the relative momenta of the solvent and
solute particles belonging to a cell are instantaneously
rotated along a random direction with the angle θMPC.
The mass of the solute particles is assumed to be 10% of
the mass of a polyelectrolyte bead.
In summary, the polyelectrolyte chain is represented
using an array of 120 negatively charged beads of size
1 connected linearly by harmonic springs, with Debye-
Hu¨ckel electrostatics corresponding to a Debye length of
1.23. Simulation parameters such as the friction coeffi-
cient affect the experimental regime that the simulations
mimic, and should be carefully chosen to avoid simula-
tion artifacts and to simulate the appropriate balance
between drift and diffusion. In our Langevin dynam-
ics simulations, we choose a friction coefficient of 1 and
vary the driving electric force in the range of 0.24 to 1.67
per bead, which has been shown to be an appropriate
choice for mimicking the translocation of a ssDNA with
120 beads61.
D. Generating stretched conformations
To deliberately generate stretched polymer chain con-
formations, we first generate an equilibrium conforma-
tion by performing Langevin dynamics simulation of a
chain near a wall for 40000 time units, with one end
of the chain fixed near the wall. In the next step,
the final conformation from the previous step is sub-
jected to fluid flow inside a cylindrical channel using hy-
drodynamics simulations58 implemented using the MPC
dynamics technique, with one end of the chain fixed.
Chain conformations with increasing levels of stretch-
ing are systematically generated based on the time that
the chain is subjected to flow. An average aspect ratio
α = ∆x/(2r) is used to characterize each set of chain
conformations, which monotonically increases with the
time of flow (Figure 2(a)). ∆x is the maximum span of
the chain in the x direction and r is its maximum radius
(r =
√
y2max + z
2
max) from its center of mass in the y-z
plane (inset Figure 2(a)).
E. Translocation simulations
A 16 units long uncharged cylindrical nanopore with a
radius of 1.8 is used for translocation simulations (dimen-
sions based on an α-HL nanopore, inset Figure 2(a)). A
constant electric field equal to V/16 is applied inside the
nanopore. The polyelectrolyte chain undergoes Langevin
dynamics, in absence of any fluid-flow, and translocates
across the nanopore under the action of the applied elec-
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FIG. 2. (a) Effect of time of flow on the average aspect ra-
tio α = ∆x/2r of the chain. Inset shows a snapshot of the
coarse-grained translocation setup with two stretched chain
conformations overlaid, and the definitions of ∆x and r. (b)
Probability of successful translocation and (c) mean translo-
cation time 〈τ 〉 as a function of α and V (volts) applied across
the 4.8 nm long nanopore. The dotted red line is a sample
linear fit emphasizing the scaling of 〈τ 〉 ∼ 1/V .
tric field. Mean translocation time 〈τ〉 is defined as the
average time taken by the polyelectrolyte chain, initially
at the nanopore entrance, to exit through the nanopore
into the receiver reservoir (successful translocation), and
is obtained from 2500 statistically independent simula-
tion runs for each combination of α and V . Probability
of successful translocations is calculated as the fraction
of the runs that are successful.
F. Relaxation simulations
The relaxation simulations are performed in absence
of the nanopore and the electric field. Each polyelec-
trolyte chain with a conformation corresponding to a
given level of stretching α undergoes Langevin dynam-
0 3000
t
0
1
2
3
4
5
λ
i
(x
1
0
4
)
α = 1.67
α = 2.00
α = 2.31
α = 2.62
α = 2.91
α = 3.19
α = 3.52
λ
1
0 3000
t
λ
2
0 3000
t
λ
3
0 1000 2000
t
7
8
9
10
11
ln
 <
∆
λ
2
,3
>
(a)
(b)
1.5 2 2.5 3 3.5 4 4.5
α
0
200
400
600
800
1000
<
τ
>
τ
0
0.005 0.01
g
x
2
3
4
α
FIG. 3. (a) The average principal moments of inertia λi of
a stretched polyelectrolyte chain undergoing relaxation (left
three panels). A log-linear plot showing the stretched expo-
nential initial decay of λ2 and λ3, followed by a systematic
exponential decay is also shown (right panel). The dotted
lines are fits showing the stretched exponential behavior at
shorter times. (b) Comparison of relaxation timescale τ0 and
translocation time 〈τ 〉 for stretched chains. Filled symbols
are similar to those in Figure 2(b). Inset shows the strength
of fluid flow required to achieve equivalent chain stretching α.
ics in absence of any fluid-flow for sufficiently long time
(16000 time units) until the initially stretched chain re-
laxes to an equilibrium state. An average moment of
inertia tensor is accumulated from the 2500 independent
simulation runs by re-centering each conformation using
its center of mass, and average principal moments of iner-
tia λi (with i=1,2,3) computed from this tensor are used
as a metric of relaxation. As a reminder, a conforma-
tion corresponding to a shape with one symmetric axis
is characterized by a smaller moment of inertia along the
axis (λ1) and two large and identical moments of inertia
(λ2 = λ3). A spherically symmetric object, such as the
conformation of a polyelectrolyte when it is completely
relaxed, has all three principal moments of inertia iden-
tical (λ1 = λ2 = λ3).
III. RESULTS AND DISCUSSION
As stretching of the initial conformation of the chain
increases, it is more likely to retract back into the donor
compartment than to translocate across the nanopore.
This is reflected in the probability of successful transloca-
tions that decreases with increase in α for all applied volt-
ages (Figure 2(b)). The pull from the initially stretched
entropic spring becomes relatively stronger in compar-
7ison with the driving electric field, making the proba-
bility of successful translocations nearly zero beyond a
certain level of stretching for a given voltage (e.g., be-
yond α = 2.31 for V = 0.35 V). The mean translocation
time 〈τ〉 increases with an increase in initial stretching,
since the pull from the entropic spring has to be over-
come by the applied electric field, causing a delay in 〈τ〉
(Figure 2(c)). Note that as the probability of transloca-
tion approaches zero, the uncertainty in estimating 〈τ〉
from simulations increases. The increase in 〈τ〉 with α
becomes less prominent as the applied voltage increases.
For example, at V = 0.2 V, 〈τ〉 varies in the range of
571 − 646 over a narrow range of α between 1.67 − 2,
while at V = 0.7 V, 〈τ〉 varies in the range of 193− 254
over a much wider range of α between 1.67−3.52. A more
significant variation in 〈τ〉 is observed with respect to the
applied voltage. Specifically, a scaling of 〈τ〉 ∼ 1/V is ob-
served for each level of stretching, similar to the scaling
reported from simulations of unstretched polyelectrolytes
in the literature54,62. Remarkably, the observed scaling
with voltage is in excellent agreement with the prediction
of the FP model, albeit the latter is developed within the
quasi-equilibrium assumption. The TP model predicts
the same scaling with voltage, but only for very weak
(V = 0.0015 V) and very strong (V = 0.457 V) driving
forces51, with a transition to a sub-linear (〈τ〉 ∼ 1/V 2/3
in Ref.51 or 〈τ〉 ∼ 1/V 1/3 in Refs.12,49,52) scaling in the
intermediate voltage regime. We do not observe any of
these intermediate scaling regimes predicted by the TP
model or any departure from inverse scaling with voltage
even for highly stretched initial chain conformations used
in our simulations.
As a stretched chain undergoes relaxation, the ini-
tially large difference between its principal moments λ1
(along x-direction) and λ2 ∼ λ3 (in the y-z plane) sys-
tematically decreases until all three become equal, corre-
sponding to a spherically symmetric chain conformation
(Figure 3(a)). The mean of λ2 and λ3 relative to their
value when the chain is completely relaxed is defined as
〈∆λ2,3〉 =
∑
i=2,3(λi(t)−λ∞i )/2, where λ∞i is the average
value of λi for t > 8000. We fit the data using a stretched
exponential decay of the form 〈∆λ2,3〉 ∼ e−[t/τ0]0.5 to ex-
tract τ0, the characteristic decay time
63 (Figure 3(a)).
A comparison of the mean translocation time from the
translocation simulations with the relaxation time τ0 cal-
culated from the relaxation simulations is shown in Fig-
ure 3(b). For all levels of stretching, the relaxation
timescale τ0 is nearly constant. Slight variations in τ0
are due to the specific range used in fitting the stretched
exponential in Figure 3(a). More important is the ob-
servation that the relaxation timescale is of the same
order of magnitude as the mean translocation time in
the ranges of initial stretching and voltage studied. As
discussed earlier, the voltage applied across a 5 nm long
α-HL nanopore in typical experiments is in the range
of 0.04-0.26 V. τ0 and 〈τ〉 are quantitatively comparable
for this experimentally relevant voltage range even for
highly stretched chains studied here. To emphasize that
the chains used in this study are, in fact, highly stretched,
we measure the strength of fluid flow required to stretch
the chains by performing hydrodynamics simulations58 of
a polyelectrolyte chain in a simpler quasi-two dimensional
setup consisting of fluid flow between parallel plates using
the MPC dynamics technique. The electro-osmotic flow
rate required in order to obtain such highly stretched
chains (Inset Figure 3(b)) is ∼ O(100) times stronger
than its typical value of 35 cm/s predicted in a 15 nm
wide nanopore29. Moreover, τ0 reported here is the time
taken for an initially stretched polyelectrolyte chain (e.g.,
due to an electro-osmotic flow field) to relax to an equilib-
rium state in absence of any such flow. Although a poly-
electrolyte chain translocating through a nanopore could
potentially undergo stretching due to an external field,
such a field would not abruptly switch off as translocation
progresses. Hence, τ0 should, at the best, be interpreted
as an upper bound of the true relaxation timescale.
For weak driving forces (lower transmembrane volt-
ages), a sufficient criterion for the quasi-equilibrium as-
sumption to be valid during translocation is that the av-
erage time required for a unit translocation step is higher
than the Zimm relaxation time. In that case, one can
safely use pre-averaging over polymer chain conforma-
tions to calculate the entropic contribution to the total
free energy using equilibrium theory for polymers. Con-
sidering the displacement of the polymer by Kuhn length
ℓ as the unit step in translocation, one can re-plot the
mean translocation time data obtained from experiments
(Figure 1(c)) in terms of the average time taken for a unit
translocation step, and compare it with the Zimm relax-
ation time. Figure 1(d) shows the same experimental
data as Figure 1(c), re-plotted using the above defini-
tion of a unit translocation step with ℓ = 2 nm. It is
remarkable that all data corresponding to NaPSS, dex-
tran sulfate sodium and ss-DNA fall well above the Zimm
relaxation time, in-spite of different experimental con-
ditions such as the applied voltage, salt concentration,
temperature, etc. Thus, the sufficient criterion for the
quasi-equilibrium assumption appears to be satisfied in
all these experiments.
In contrast, the sufficient criterion for the quasi-
equilibrium assumption is not satisfied in our simula-
tions of initially stretched chains. The initially out-of-
equilibrium chain remains out of equilibrium as it under-
goes several translocation steps. However, the observed
scaling of mean translocation time with the applied volt-
age in our simulations suggests that the non-equilibrium
effects are not strong enough to deviate from predictions
of the FP theory. The scaling of translocation kinetics
with chain length, predicted to be different across differ-
ent theories, is excluded from the present work owing to
the computational costs involved, and is left to be studied
in the future.
A prominent exception in the experimental results is
the data set from Ref.21. The data in Figure 1(d) cor-
responding to these experiments differ from the data
in all other experiments in terms of the nanopore (10
8nm long, 3.5 − 4 nm wide SiN nanopore) and the poly-
electrolyte (ds-DNA, with ℓ = 37.5 nm), along with
other experimental conditions such as the applied voltage
(200 − 500 mV for the data-points positioned vertically
at NK ∼ 2.67⇒ N = 400 bp, 300 mV for others). More
importantly, the data analysis used to calculate the mean
translocation time from translocation events is different
in these experiments. The total population of translo-
cation events is divided into fast and slow classes. In
Figure 1(d), we include the data for the slow class as
well. A Kuhn length of 37.5 nm is used for dsDNA (cor-
responding to 1 M salt concentration used in these ex-
periments). Most of this data corresponds to the limit of
NK ∼ O(1), whereas Equation 6 is accurate only in the
limit of large NK. Keeping in mind the inapplicability of
the Zimm theory for such short polymers, we avoid show-
ing the corresponding Zimm time in the inset of Figure
1(d). Nonetheless, a na¨ıve extrapolation of Zimm relax-
ation time to the limit of NK ∼ O(1) should reveal that
the average time for a unit step in translocation of a
polymer longer than a few Kuhn segments is faster than
the extrapolated τZimm. Thus, the sufficient condition
for applicability of the quasi-equilibrium assumption is
bound to be violated for dsDNA longer than a few Kuhn
segments, under these experimental conditions.
It is important to realize that as the driving force in-
creases, the entropic contribution to the free energy be-
comes increasingly less significant, especially for poly-
mers that are significantly longer than the nanopore. Us-
ing equilibrium estimates, the entropic penalty of plac-
ing a Kuhn segment into the nanopore is of the order of
kBT (log z + 0.6 logNK/(NK − 1)) ≈ 2kBT (z being the
coordination number2), which is equivalent to the elec-
trochemical energy = eV/kBT gained by a unit charge
successfully translocating across a nanopore with 50 mV
applied transmembrane voltage at room temperature.
To put this in perspective, a transmembrane voltage as
small as 20 mV already contributes to an electrochemi-
cal energy gain of 2kBT for every Kuhn segment translo-
cating across the nanopore, assuming a modest linear
charge density of 1.33 charges per nm of the polyelec-
trolyte (equivalent to a degree of ionization αp = 1/3 for
NaPSS). Although these estimates could slightly vary de-
pending on the polyelectrolyte density and the estimate
used for the entropic contribution, for polyelectrolytes
that are significantly longer than the nanopore and are
close to equilibrium as translocation begins, the electro-
chemical contribution to the free energy begins to dom-
inate over the entropic contribution even at small trans-
membrane voltages. Pore-polymer interactions, electric
field inside the nanopore (in addition to the electrochem-
ical energy) further contribute to the free energy during
certain stages of translocation, making the entropic con-
tribution even less significant.
For short polymers that are only moderately longer
than the length of the nanopore, the time required for fill-
ing the nanopore with the polymer chain can significantly
contribute to the total translocation time. The entropic
contribution to the free energy should then be compared
to the gain in free energy due to electric field inside the
nanopore, since the electrochemical energy does not con-
tribute during this stage. For the first Kuhn segment to
enter the nanopore, the entropic penalty of ≈ 2kBT has
to be overcome by the energy due to electric field. Again,
assuming a linear charge density of 1.33 charges per nm
of the polyelectrolyte, the required voltage applied across
a 5 nm long nanopore to overcome the entropic penalty
is ≈ 100 mV. Once the first Kuhn segment is inside the
nanopore, the second Kuhn segment needs only ≈ 50
mV voltage across the nanopore to match the net en-
tropic loss. For higher polyelectrolyte charge density, the
required voltage is even lower. Thus, as the applied volt-
age increases, the entropic contribution becomes less im-
portant.
Given a particular set of experimental conditions, the
time taken for the polymer segment to translocate by a
Kuhn length is longer than the Zimm time only upto a
certain polymer length. Hence, the sufficient condition
for quasi-equilibrium assumption is not satisfied for an
infinitely long polymer. The polymer length at which
the cross-over happens depends on the applied voltage.
The translocation time scales with the applied voltage
as 〈τ〉 ∼ 1/V β, with β > 0 across all theories of driven
polymer translocation. As the applied voltage increases,
the quasi-equilibrium assumption is violated at relatively
shorter polymer lengths.
In-spite of the relatively high polyelectrolyte charge
density (a unit charge per monomer), high initial stretch-
ing of the chain, and a modest chain length used in
our simulations, we already observe the diminishing con-
tribution of polymer entropy (decreasing sensitivity of
the mean translocation time towards the level of initial
chain stretching) as the transmembrane voltage increases
(Figures 2(c) and 3(b)). These data indicate that for
high transmembrane voltages, the initial chain confor-
mation and hence the chain entropy has negligible effect
on translocation kinetics.
In summary, the translocation and relaxation
timescales for a polyelectrolyte chain translocating
through a nanopore are found to be comparable even
for the out-of-equilibrium initial chain configurations
studied, especially for experimentally relevant volt-
ages. Although the Fokker-Planck model is able to de-
scribe the rich phenomenology in polymer translocation
and is widely used to gain insights into translocation
experiments19,42,64, it would be inadequate for very large
molecules and very high voltages. Our work establishes
the range of applicability of the Fokker-Planck model
and the onset of non-equilibrium effects for flexible poly-
electrolytes at various experimentally relevant voltage
ranges. Extensions of the present study of significantly
stretched initial conformations to different chain lengths
over several orders of magnitude, and an assessment of
non-equilibrium chain conformations while the chain is
undergoing translocation under experimentally relevant
conditions are of further interest.
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